A ␤-glucuronidase cDNA was transferred into fetal liver 13.5-day-old affected fetuses surpassed secreted enzyme cells (FLC) from mice affected with mucopolysaccharidosis from normal, age-matched untransduced FLC. The 13.5 (MPS) type VII and normal littermates using a retrovirus day FLC, transduced by direct cocultivation or by using the vector. The cells were transduced by direct cocultivation or dual-chambered system, were transplanted in utero into by culturing the FLC and vector packaging cells separated 13.5-day-old murine fetuses. Proviral sequences were by a 0.45 m filter in a dual-chambered cocultivation sysdetected in various organs shortly after birth. The results tem. Gene transduction occurred using an ecotropic or indicate that midgestational FLC can be transduced with an amphotropic vector in FLC obtained from 13.5-and 15.5-amphotropic vector virus in a dual-chambered cocultivation day-old murine fetuses. Histochemical staining assays and system without contaminating virus-producing packaging measurement of enzyme activity demonstrated gene cells and that the transduced cells survive in utero transexpression in the midgestational FLC. Enzyme secreted plantation. into the supernatant from transduced FLC obtained from
Introduction
of immuno-tolerance and immuno-incompetence of early Mucopolysaccharidosis (MPS) type VII is a lysosomal to midgestational fetal recipient and donor hematopoietic storage disease caused by the deficiency of ␤-glucuronidstem cells, respectively, which are present in the fetal ase (GUSB) activity necessary for the degradation of glyliver. 12, 13 When FLC are transplanted in utero no cytoablcosaminoglycans. 1 The disease is inherited as an autosoation is used, which avoids the risks associated with mal recessive trait and has been described in mice, 2 dogs 3 transplantation conditioning but results in a chimeric and humans. 1 The disease is characterized by a progresshematopoietic system in the recipient. Typically, only a ive degenerative syndrome leading to early death, and small percentage of donor cells are present in the recipisome pathologic lesions are present in affected individent, unless there is a developmental advantage for the uals at birth. 4, 5 Bone marrow transplantation performed donor versus the host cells, 14 which reduces the amount in adult mice affected with MPS VII results in partial resof normal gene product that can be delivered to the disolution of the disease, 6 and better clinical response occurs eased recipient. It may be possible, however, to deliver when affected mice are treated as neonates. 7 Similar higher levels of corrective enzyme by overexpressing a observations were made when MPS VII mice received functional exogenous gene in autologous fetal liver heminfusions of purified enzyme as newborns. 8 Gene-transfer atopoietic cells. Retroviral vectors efficiently transfer experiments have shown that only a small amount of the GUSB into murine MPS VII bone marrow cells, 9, 15 and functional normal gene product (a lysosomal acid can overexpress GUSB in transduced hematopoietic hydrolase) may be necessary to correct some clinical cells. 16 signs. [9] [10] [11] These results indicate that early treatment is We transduced murine FLC obtained at 13.5, 15.5 and more effective in alleviating disease pathology and sug-18.5 days gestational age using direct cocultivation and gest that treatment beginning during fetal life may a dual-chamber cocultivation system. A retroviral vector further decrease the severity or even prevent disease expressing a rat GUSB cDNA was used which has been manifestation altogether.
shown to transduce adult hematopoietic stem cells and Using fetal liver cells (FLC) as donors is an approach express GUSB in MPS VII affected cells. 9, 15, 16 The for transplantation into the affected fetus. Graft rejection expression of GUSB in cultured FLC, and the distribution of transduced donor cells in recipient fetuses in shortterm transplantation experiments, were examined.
Results
Transduction of murine FLC with an amphotropic retroviral vector Fetal liver cells obtained at 13.5, 15.5 and 18.5 days gestational age were cocultivated with packaging cells which had been engineered to produce a high titer of amphotropic vector virus. 17 Cocultivation was performed in dual-chambered cocultivation plates (Transwell plates; Costar, Cambridge, MA, USA) which have been shown to prevent vector-transduced or vector-producing cells from crossing the fluid-permeable membrane and thus avoiding contamination of the FLC. 18, 19 The cell numbers were determined during cocultivation in the Transwell plates as a measure of proliferation, and distinct differences were seen using FLC from donors of different fetal ages. The mean cell counts for FLC obtained from E13.5 fetuses decreased by approximately two-thirds during the first 48 h of incubation with growth factors and increased to approximately starting values during the next 48 h cocultivation with packaging cells (Table 1 ). The mean cell counts for E15.5 FLC decreased only slightly during the first 48 h of culture potential contamination of the target cell population by packaging cells by PCR for xanthine-guanine phosphoribosyl transferase (gpt), which had been inserted Transwell plates with amphotropic (NTK-BGEO-A3S6) or into the packaging cells during their construction. 20, 21 No ecotropic (NTK-BGEO-E1) vector packaging cells. Two of positive signal was detected in any of the 36 samples the E13.5 fetuses were affected with MPS VII, four were tested, even with 35 cycles of amplification ( Figure 1a) .
carriers, and four were normal. Three of the E15.5 fetuses To determine if the FLC were transduced, the cells were were affected, three were carriers, and two were normal. assayed before and after cocultivation for the presence of
The same number of FLC from each fetus was cocultiproviral vector sequences. In all 12 in vitro experiments vated with each packaging cell line and, as a negative using E13.5 and E15.5 FLC, the cells tested positive by control for transduction, with nonvirus-producing pack-PCR for the presence of GUSB cDNA, while they were aging cells (GP+envAm12). negative before being vector-treated (Figure 1b) . No posiTo assess expression of the transferred gene, a reptive signal was seen in E18.5 FLC after cocultivation resentative sample of cells was taken from each well (not shown).
before and after cocultivation. The sample was air dried on glass slides and stained for GUSB activity. Before GUSB expression in mutant E13.5 and E15.5 FLC after cocultivation, the FLC obtained from the normal and hetinfection with amphotropic or ecotropic retroviral vector erozygote fetuses stained positive for GUSB (not shown) To determine if the transferred gene was being expressed while the MPS VII cells were negative. After 2 days of in the target cells, GUSB expression was examined after cocultivation with either amphotropic or ecotropic virustransduction in MPS VII FLC obtained from E13.5 and producing packaging cells, most of the mutant FLC E15.5 fetuses. The E13.5 and E15.5 fetuses from carrier stained strongly positive for GUSB activity, whereas the matings were genotyped and their FLC cocultured in mutant FLC cocultivated with nonvirus-producing packaging cells remained negative (Table 2) . Since GUSB possesses mannose-6-phosphate moieties cell cultures as at the end of the cultivation period ( Table 2) . To quantify the amount of enzyme being produced by the transduced FLC, enzyme activity was measured in the supernatant of the FLC cultures. Before transduction, GUSB enzyme activity was higher in the supernatant of normal FLC from E15.5 than from E13.5 fetuses (Figure 2 ). This corresponded with the histochemical staining intensity of normal and carrier murine fetal livers at 13.5 and 15.5 days gestational age (manuscript in preparation). Enzyme activity measured in the supernatant of all FLC increased greatly after 2 days of cocultivation with amphotropic as well as with ecotropic virusproducing cells and the cells were still expressing GUSB after 7 days of subcultivation ( Figure 2 ) suggesting stable expression. The enzyme activity in the supernatant from transduced mutant cells obtained from E13.5 fetuses was higher than in the supernatant from normal E13.5 FLC (Figure 2 ). The increase in enzyme activity was greater experiments were performed at gestational age E13.5 (Table 3) . Fetal liver cells directly cocultivated with virusrus was detected in most of the organs examined. Blood producing packaging cells were transplanted into 16 samples were obtained from two neonates and were both fetuses. Analyses of tissues obtained from eight fetuses 6 positive for the presence of vector sequence. days after transplantation revealed the presence of vector provirus sequences in the brain and liver of two, and in the placenta of five of the recipients. Tissues from the Discussion other eight fetuses were obtained 13 days after transplantation and a clear PCR signal was only detected in the The in vitro studies using the Transwell plates demonstrate the amphotropic vector virus consistently infected brain of two pups and in the blood of one. No signal was detected in livers and spleens of these mice. Of the 10 E13.5 and E15.5 FLC. Others have reported being unable to transduce E15.5 murine fetal liver cells with an amphofetuses that had received FLC transduced in Transwell plates, seven survived to term and were analyzed 8 days tropic virus, because the hematopoietic cells lacked functional amphotropic viral receptors. 23 However, these after transplantation. In contrast to the fetuses transplanted with directly cocultivated cells, the vector proviexperiments differed from our own in that vector virus supernatants were used to transduce the FLC whereas we the smaller mannose 6-phosphate receptor (MPR46) and not the larger one (MPR300), which mediates endocytosis cocultivated the FLC with the virus-producing packaging cells. It is possible that these culture conditions improve of mannose 6-phosphate containing ligands. 25 Finally, more than 80% of the cross-correcting enzyme is the functionality of the amphotropic receptor or that cytokines such as IL-6 which are produced by the packaging degraded within 48 h, presumably by lysosomal proteases. 18 cells improve the rate at which the FLC are transduced. In our previous experiments using canine FLC, we found When FLC obtained from mutant fetuses of 15.5 days gestational age were transduced, the enzyme activity that midgestational but not late gestational FLC were transduced using the same transduction method immediately after cocultivation with ecotropic virus-producing cells was approximately equal to, and then presented in this article. 24 Although the number of E13.5 FLC decreased substandropped below, the levels of enzyme activity measured in the supernatant of normal E15.5 FLC after 2 days in tially after 48 h in culture, they increased during the second 48 h of culture when the packaging cells were culture. In contrast, the enzyme activity in the supernatant of E13.5 FLC cocultivated with ecotropic viruspresent. This pattern is similar to our previous findings in adult bone marrow cells enriched for progenitors producing cells remained higher than in the supernatant of the cultured, untransduced normal cells. This may which were directly cocultivated with these packaging cells. 15 The decrease in cell numbers of E18.5 FLC after reflect a higher rate of transduction in FLC obtained at the earlier gestational age. When normal cells were culti-96 h in culture suggests the absence of proliferation of late gestational FLC, which is likely to explain the lack vated, GUSB levels secreted into the supernatant decreased over time (not shown). of transduction in this population of cells.
Irrespective of the vector envelope, similar numbers of The data show that transduced FLC obtained at 13.5 days gestational age secrete higher than normal levels of FLC stained positive for GUSB enzyme at the end of cocultivation and after 7 days of subcultivation. Howenzyme even after 7 days of subcultivation. This suggests that transduction of E13.5 FLC under the cultivation conever, GUSB activity secreted into the supernatants was considerably higher in cells infected with the ecotropic ditions described here may result in stable overexpression of the transferred gene. Since normal FLC than with amphotropic virus. This occurred even though the vector virus titer produced by the ecotropic packagtransplanted in utero do not appear to have a selective advantage over the affected FLC, the amount of enzyme ing cell line was about 20-fold less than the amphotropic line, which has been engineered to be high. 17 This may produced by the transplanted cells may not be sufficient to correct the disease. However, by achieving such high reflect less efficient transduction by the amphotropic virus due to decreased expression of the phosphate translevels of exported enzyme after transduction of FLC, it may be possible to deliver GUSB at therapeutic levels to porter, which is the amphotropic viral receptor in murine FLC. 23 affected tissues.
The FLC transduced by cocultivation directly on the The higher levels of enzyme activities in the supernatants of FLC after 2 days of cocultivation compared to packaging cells were present in most of the fetal placentas but in few of the organs. In the mouse, fetal liver those at 7 days after cocultivation may be due in part to the presence of some cross-correcting enzyme from the cells microinjected into the placenta enter the efferent blood vessels and rapidly reach fetal circulation. 14 packaging cells. However, the level expressed was 10-fold higher than the amount released from packaging Although the nonadherent cell population was harvested, these results suggest that not all of the FLC transcells expressing both the endogenous and vector GUSBs (not shown). In addition, the GUSB expressed from the duced by this method migrated into the recipient. The lack of gpt sequences in these organs indicate that few, packaging cells is unlikely to contribute significant amounts to GUSB expression in the target cells themif any, packaging cells contaminated the donor pool, but this could be below our limits of detection. selves because fetal liver hematopoietic cells express only In contrast, vector provirus was detected in several with 0.45 m pores preventing contamination of the FLC with virus-producing fibroblasts but allowing diffusion organs of the fetuses that received transplants of FLC transduced in the dual-chambered cocultivation system. of infectious viral particles. After adding fresh IMDM containing growth factors and polybrene (8 g/ml), both The positive results obtained using the dual-chambered culture system are unequivocal because virus-producing culture systems were incubated for another 48 h at 37°C (5% CO 2 in humidified air). packaging cells are unable to pass through the membrane separating the two cell populations, 18, 19 and our results Polymerase chain reactions confirm this. The relative insensitivity of the PCR assay FLC and tissues from the transplant recipients were used suggests that the positive tissues contained 0.1% or assayed by polymerase chain reaction (PCR), as more transduced cells. One possible explanation for the described, 27 before and after transduction to determine better transfer seen in the Transwell plate infection is that the presence and distribution of the vector sequences. more progenitor FLCs were recovered. Because stem cells
The GUSB cDNA was amplified by PCR using the followare known to adhere to feeder cell layers, this method ing primers: 5′AGAATTCTGGTCATCGATGAGTG-may allow easier recovery of long-term reconstituting TCCC3′ (forward primer) and 5′GGCAATCCTCCA-cells in the transduced donor cell population.
GTATCTCTCTCGC3′ (reverse primer). The PCR product The results presented here demonstrate that cocultispecific for the GUSB cDNA is 682 bp long, which can vation of midgestational FLC using the dual-chambered easily be distinguished from the genomic murine GUSB culture system is a safe and efficient means of transduc-PCR product (8.4 kb).
28 tion. Furthermore, gene expression in the transduced To assess the sensitivity of the PCR using these pricells was higher than in normal, untransduced cells.
mers, untreated fibroblasts from MPS VII mice were Thus, if donor cells contribute to only a portion of the spiked at dilutions ranging from 1:10 to 1:10 5 with transhost hematopoietic system, overexpression of the gene duced fibroblasts that contain a single copy of the NTKproduct in these cells may result in the delivery of thera-BGEO provirus. We were able to detect the presence of peutic levels of the enzyme.
vector sequences at dilutions of one copy of provirus per 100 to 1000 MPS cells (data not shown): Therefore, a PCRpositive tissue sample should contain at least 0.1% trans-
Materials and methods
duced cells. The fetal spleens were obtained for PCR to determine Preparation of murine fetal liver cells the genetic status of each pup. The genomic GUSB DNA Fetal liver cells were obtained from pregnant B6.C-Hwas amplified using the following primers: 2 bml /ByBir-gus mps/+ mice at 13.5 (E13.5), 15.5 (E15.5) and CCTGTGTCATTTGCATGTG (forward primer) and 18.5 (E18.5) days gestational age (counting the vaginal GATAACATCCACGTACCGG (reverse primer). The plug data as day 0.5) The liver cells were prepared in 95 bp product lacks a NciI restriction site in the mutant IMDM containing 10% FBS, l-glutamine, and penicillinallele while the normal allele is cleaved into a 77 and streptomycin-fungizone (PSF). Single liver cell suspen-18 bp product. 27 sions were obtained by repeated trituration using sucTo examine if packaging cells were present in the transcessively smaller pipets. The suspension was left to rest duced FLC, primers were designed for the xanthinefor 5 min at room temperature, the top two-thirds were guanine phosphoribosyl transferase (gpt) sequence which removed, and the cells were centrifuged at 900 g for is unique to all packaging cells used in this study, but is 5 min at 4°C. The pellet was resuspended in IMDM not present in the vector. 20, 21 The following primers were with 10% FBS, l-glutamine, PSF, recombinant murine used: GCACTGCCGGGCGTTGTTCTT (forward primer) IL-3 (200 U/ml), and recombinant human IL-6 and CGGGGCCCACTCATAAATCCAG (reverse (200 U/ml). 9, 15, 26 primer). Immediately after preparation, FLC were plated in sixwell plates and incubated for 48 h at 37°C (5% CO 2 in GUSB expression humidified air) before transduction. Depending on the Cultured FLC were air dried on glass slides and assayed number of cells obtained for each experiment, the FLC for GUSB activity using a histochemical stain which were plated at 5 × 10 5 to 1 × 10 6 per well. However, detects the biologically relevant function by enzymatic within each experiment equal numbers of cells were cleavage of a ␤-d-glucuronide moiety, 16 and GUSB plated in each well. Cell counts were performed by tryenzyme activity in the supernatants of the cultured FLC pan blue exclusion.
was determined using a fluorometric assay with 4-methylumbelliferyl-␤-d-glucuronide, as described. 27 bated (24 h, 37°C, 5% CO 2 in humidified air). Thereafter, the fetal liver cells were either directly seeded on the Access to the uterus was gained by a midline incision. Under the dissecting microscope, 10 l of fetal liver cell monolayer of virus-producing cells (direct cocultivation) or were transferred into the bottom well (Transwell), suspension was injected with a micropipet (80-120 m in diameter) into the placenta of each fetus. which was separated from the top well by a membrane 44 human fetal hematopoietic stem cells in sheep following trans-
